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ABSTRACT 

The factors affecting a tangential fuel injector design for scramjet 
operation are reviewed and their effect on the efficiency of the supersonic 
combustion process is evaluated using both experimental data and theoretical 
predictions . 

A description of the physical problem of supersonic combustion and method 
of analysis is followed by a presentation and evaluation of some standard and 
exotic types of fuel injectors. Engineering fuel injector design criteria and 
hydrogen ignition schemes are presented along with a cursory review of avail- 
able experimental data. 

A two-dimensional tangential fuel injector design is developed using 
analyses as a guide in evaluating the effects on the combustion process of 
various initial and boundary conditions including splitter plate thickness, 
injector wall temperature, pressure gradients, etc. 

The fuel injector wall geometry is shaped so as to maintain approximately 
constant pressure at the flame as required by a cycle, analysis. A "viscous 
character is tics" program which accounts for lateral as well as axial pressure 
variations due to the mixing and combustion process is used in determining the 
wall geometry. 

A fuel injector performance evaluation scheme is then presented along with 
the fuel injector cooling considerations. An experiment to evaluate the 
'i various analytical tools and theoretical predictions made here is recommended. 
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I . INTRODUCTION 


In a cycle analysis of a scramjet engine, the thermodynamic conditions 
(pressure and temperature) and fluid dynamic conditions (velocity, etc.) at 
which the heat release occurs arc prescribed along with Eho cotabus tion efficiency 
(percent of injected fuel that is burned). Furthermore, the cycle efficiency 
is fixed by the assumed process (i.e. constant pressure, constant area, constant 
Mach number, or some other pressure area relation such as the area fields of 
Crocco, etc.). When this assumption is introduced, the engine efficiency and 
thrust depend only on the initial and end states. The manner and conditions of 
the fuel injection is eliminated. In subsonic combustion the velocity is low. 
Then the possible local variation of pressure are negligible and one-dimensional 
flow analysis can be used to relate the geometry and the cycle. The case is 
different when supersonic combustion is considered. 

In a supersonic combustion chamber large variations in pressure and tempera- 
ture in both lateral and axial directions exist. Furthermore, the combustion 
process can produce shocks. The combustion taking place in a given region can 
produce an entropy rise in regions outside of the combustion region because of 
the propagation of shock waves. While interactions with adjacent fuel injectors 
can be used advantageously to increase the combustion performance. As a con- 
sequence the heat release does not occur at either the air or fuel s tatic (burner 
entrance) conditions. Therefore a means of determining and controlling the 
conditions at which the heat is released is essential for an efficient scramjet 
engine combustor design. Since the supersonic combustion process is a highly 
coupled fluid dynamic and chemical phenomenon, an accurate analytical tool 
which accounts for the main features of the flow (e.g. wave formation due to 
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chemical reactions) must be used in designing the fuel injectors, fuel injector 
arrangement and combustor wall geometry. 

This tool has been used in the present investigation to design and to 
evaluate quantitatively the fuel injector performance and to describe the flow 
field. However, since the combustion efficiency depends on the mixing efficiency 
(i.e. the availability of the correct fuel to air ratio at the flame surface) 
which in turn depends on a not too well known turbulent transport phenomenon 
(i.e. eddy viscosity), the theoretical predictions must be verified by experi- 


ment . 

The primary purpose of this investigation is to test the validity or the 
analytical tool and to determine the flow conditions at which combustion takes 
place. A secondary purpose of the present investigation is to determine the 
influence of the various flow and geometric parameters on the supersonic com- 
bustion phenomena (i.e. ignition, efficiency or combustion arid combustion 
length). First a qualitative evaluation of several fuel injection schemes is 
made. The ultimate purpose of this is to design a fuel injector suitable for 
a scramjet combustor design at a flight Mach number of 6.0 and to select fuel 
injection conditions more conducive to faster mixing and more efficient com- 
bustion. The supersonic combustion phenomenon, i.e. mixing rate, ignition and 
combustion length as well as the combustion efficiency, depends on many 
geometrical and flow parameters such as: 

1. Fuel type, (i.e. hydrogen, hydrocarbon) and phase (liquid or gas) 

2. External stream and jet conditions (temperature, velocity, 
pressure, Mach number, Etc.) 


3. Fuel injector size and type (axisymmetric , two-dimensional. 


three-dimensional) 
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4. 


Injection angle relative to the air stream 


5. Initial boundary layer thickness and state 

6. Local and/or global three-dimensional jet (such as swirl) 
and stream nonuniformities 

7. Splitter plate thickness and/or bluff base diameter 

8. Injector wall geometry 

9. Splitter plate wall temperature and material (e.g. platinum) 

10. Injector wall temperature 

11. Boundary layer growth on injector wall 

12. Under and overexpansion of the jet 

13. Flow impurities "artificial" or natural (H 2 0 vapor, OH. radical, 

0 2 or any other combustion products or even metal (platinum) 
particles injected upstream) 

14. End effects, fuel injector nose bluncness, etc. 

15. Turbulence levels in the freestream, pressure gradients, etc. 

16. Heat release due to change of phase, 

17. Three-dimensional protuberance on the injector wall 

The individual effects cannot be separated simply because of their mutual 
interaction role. A parametric study would reveal a desirable fuel injector 
design by evaluating several injector configurations. 

Since the type of configurations are as numerous as the imagination will 
conceive, the approach here is to first evaluate some typical injectors and 
injection schemes and the influence that the various parameters have on the 
combustion. Thus organizing (classify) the imaginable types of fuel injectors 
and consequently set some design criteria. 
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The considerations presented here are for a tangential fuel injection 
scheme. An evaluation of the normal injection scheme versus tangential is 
given in Ref. 1. The combustion process is assumed to be diffusion controlled, 
that is the reaction rates are much faster than the mixing rates. The com- 
bustion is assumed to occur at supersonic speeds and the flow conditions are 
such that a turbulent transport phenomenon prevails. The fuel is gaseous 
hydrogen and the steady state chemical kinetics are the same as used in Refs. 2 
and 3, (Table A1 of Ref. 2). An evaluation of different reaction rates 
constant on the combustion process is described in Ref. 

The description of the fluid dynamics and thermo-chemical interaction has 
been described in Ref. 4 and therefore will not be repeated here. An evaluation 
of the various turbulent mixing rates (see Table 2 of Ref. 5 and 10. 1 of Ref, 6) by 
investigators, Ref. 5, 6, and 7 generally reveals the unsuitability of the 
various models to general flow conditions. Theoretical evaluations of various 
mixing models are subject to scrutiny as theoretical comparisons use numerical 
programs that inadvertently introduce an artificial numerical viscosity. This 
error arises when a numerical program has to decrease the number of mesh points 
in a profile to maintain the calculation time relatively short. In so doing, 
profiles with large gradients (as a temperature profile with a flame) are 
smoothed by the elimination of alternate mesh points. This acts like an inviscid 
viscosity. Numerical calculations of flows with chemical reactions should use 
finite difference equation using the total enthalpy rather than static temperature. 

Experimental correlations of mixing decay rates etc. made with 
simple configuration are subject to speculation; first, the turbulent mixing 
phenomenon depends not only on the jet and stream conditions but also on 
geometry, second, the eddy viscosity, dirrusion coefficient, turbulent Lewis 
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and Pi: and t 1 numbers etc. are inferred from flow profiles, (more specifically 
on their curvature at the centerline e.g. R.ef. 8) which although the configura- 
tion is axisymmctric , the axis of the jet is seldom co-linear with the experi- 
mental apparatus and therefore produce three-dimensional effects; third, initial 
nonuniformities such as boundary layer growth splitter plate thickness etc. are 
usually disregarded in the correlations. Hence, disagreement in experimental 
data with theory, is reported by various authors. The viscosity model adopted 
in the present investigation is described below. In general it has been assumed 
that the mixing laws are not altered by the combustion phenomenon. The validity 
of this assumption is explored here. 


II. DESCRIPTION OF THE PROBLEM 


The design of a supersonic combustion chamber requires the use of multiple 
mid-stream fuel injectors to keep the combustor length reasonably short. 

Furthermore, since the flow is supersonic, effects produced at one point are 
felt elsewhere along Mach waves. Hence the combustion process must be controllec 

I 

locally where the heat is released rather than to simply shape the combustor walls . 
Also, the combustor and/or fuel injector designs must be suitable for dirrerent 
flight speeds. The combustor design must necessarily begin with the design of 
its constituent parts. Therefore we consider first the design of a mid-stream 
fuel injector. The design of a wall injector follows analogous cons idera Lions . 
However, the additional influences of thicker initial boundary layers and ne<s.u 


loss due to heat transfer to the combustor wall must also be included in the 
latter design. The complete combustor design requires treatment of interaction 
due to shock waves , adjacent combustion regions, etc. This is a complex task 
that is left for future considerations. 

The function of a fuel injector is not only to introduce fuel into an air- 
stream at some selected conditions but rather the fuel injector should be 
designed as to control the condition at which the heat is released, so as to 
improve the combustion efficiency. Several experiments with mixing and com- 
bustion have been conducted in the past .with the aim of establishing the 
chemical kinetics, mixing rates, influence of various flow and geometric para- 
meters, etc. These experiments have given the designer useful information on 
the supersonic combustion processes. A partial compendium of uhe efrects 
produced by influences of various initial and boundary conditions is included 
in Appendix I of this report for reference and to serve as a guide to the 
designer in selecting fuel injection conditions and some boundary conditions. 
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The effects of initial and boundary conditions on mixing and combustion are 
also presented in Appendix I. 

In the absence of an accurate theory to describe the combustion process at 
supersonic speeds we would only be able to catalogue the above information. 
Furthermore, we would be at a loss when confronted with a new situation. The 
analytical tool developed in Ref. 9 will enable the designer to: 

1. determine the flow field in different situations 

2. evaluate a given fuel injector design 

3. select injection conditions and injectors geometries more 
conducive to efficient combustion, and 

4. give a better understanding of the combustion process. 

In this theory normal pressure gradients as well as axial pressure gradients and 
shock waves are included. The governing ewuations are treated as quasi-hyperbolic . 
Therefore it is a more accurate theory and describes the combustion process better 
than a parabolic type analysis where the normal pressure gradients are neglected 
and the possibility of shock waves is not' permitted . Unfortunately, the short- 
coming of both theories is an accurate knowledge of constants and mixing rate 
laws and to a minor degree of reaction rate constants under different flow 
comditions. Because of these reasons a coupled analytical and experimental 
investigation conducted under carefully controlled conditions should give more 
details about the supersonic combustion process. Furthermore it will supply the 
designer with a reliable tool with which to perform his task. 

In order to check experimentally these fuel injector design development 
concepts the first step has been taken here to design a fuel injector which 
gives constant pressure in the vicinity of the flame using the above theory. 

Such a design is of practica 1 • interes t and is deduced from cycle analysis 
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considerations. 

Since the supersonic combustion process Is an Interplay between the fluid 
dynamics , heat release and mixing mechanisms, an accurate determination of the 
last will result by application of the theory to the experimental data since 
the first two are described fairly accurately by the theory. 



HI PHYSICS OF SUPERSONIC COMBUSTION FUME 


A physical description of the supersonic diffusion controlled process Is 
presented here as it will assist in understanding the experiments that have 
been conducted and in explaining ignition characteristics. The supersonic 
combustion flame is an extremely complex aerodynamic process vhere th 
and fluid dynamic effects strongly interact. Several different types of flames 
can be generated, depending on the controlling mechanism for the heat release. 

Only the diffusion controlled turbulent flame is described here as the conditions 
at the burner entrance are such that this is most likely to occur. A descrip- 
ti o„ of a heat conduction flame is given in Ref. 1. A diffusion controlled 
flame is more stable tha„ a heat conduction flame where the chemical kinetics 
are slower than the diffusion and hence admit the possibility of a detonation. 

Diffusion Controlled Flame 

Consider two streams both supersonic: (1) an air stream surrounding 

(2) a jet of hydrogen. Assume that the two flows have parallel motion. The 
hydrogen mixes with the air and the diffusion process tends to produce a 
homogeneous mixture of hydrogen and air. Two limiting cases can be desired. 

If the static temperature of the mixture everywhere is sufficiently low, then 
the time required for chemical reaction between the oxygen and the hydrogen to 
take Place is very long: thus mixing takes place first as the time for the fluid 
dynamic process to be completed is smaller than the time required for chemical 
reaction. The other limiting case is when the chemical reactions are extremely 
fast because of the high static temperature of the mixing. Then, as soon as 
hydrogen is mixed with air, H.0 is formed, and heat is released. «hen the . 

chemical time (defined as the time to reach chemical equilibrium) is extremely 
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short, two regions can be defined in the flow divided by a line where the fuel 
air ratio is stoichiometric - i), ft. flow outside the line contains oxygen, 
nitrogen, and combustion products. The line corresponding to . * - 1 ^ture, 
is the line where heat is released. In this case the change in density is much 
larger than for the case of no reaction. Because of the heat release, the 
streamlines obtained in a calculation that assumes constant pressure and uses 
a mixing type of calculation to simplify the analysis are more curved than in 
the first case. Therefore, the assumptions of constant pressure or pressures 
depending mainly on x are not sufficiently accurate and the variation of 
pressure norrml and along streamlines should be taken into account in the 
analysis. This effect tends to increase initially the static pressure and 
accelerates chemical reaction. In actual cases, at high temperature, the 
chemical time is very small; however, it is finite. Thus the heat release 
occurs in a small region distributed around the line «p - 1. Because of the 
high initial temperature and pressure, the isotherms for the two cases are v ry 
similar. The rate of chemical reaction decreases and the chemical time in- 
creases when either the local static pressure or local static temperature de- 
creases. Then, for some flow conditions, the reaction time becomes of the 
same order as the mixing time. In this case substantial mixing takes place 
before heat is released, and thus the tone of reaction is widely extended. 

Vhen the local static pressure is very iow, the reaction rates are small, sub- 
stantial mixing takes place before reaction occurs and the concentration of 
hydrogen at the point where reaction starts is below stoichiometric. Thus the 

local temperature is also low. 

The heat release due to chemical reaction tends to decrease the density 
locally; therefore. It generates local pressure changes. The mixing type of 




analysis used by several researchers neglects pressure gradients normal to 
streamlines , therefore it does not give a correct representation of these ejects. 

In supersonic names the pressure variations travel along Hath oaves which 
propagate outside the name region and tend to form shocks. The mixing near 
the iniection region initially is very rapid because of the large gradients o 
concentration and of velocity and feature normal to the streamline. There 
l£ the reaction is fast, a large rate of heat release cakes place locally, and 
therefore, strong compressions are generated that tend to form a shock. Down 
stream, the gradients gradually decrease; therefore, the rate of heat release 
gradually decreases and thus as the mixing continues the pressure gradua y 
creases. In a burner design, where combustion starts in a small region 
£1 ow near the injectors, the flow properties outside the flame region change and 
the Mach number decreases. Therefore these waves diffuse the adjacent flow as 

in the inlet and can be used to increase the engine efficiency. 

The effect of the presence of a pilot flame is of extreme importance e 

for the case of diffusion controlled flames when applied to supersonic com- 
bustion. This effect indicates that if the reaction process produces a heat 

release sufficient to generate a high temperature region, then combustion will 

. _ low. and the flame once 

continue even if the static temperature is initially low, 

initiated continues and propagates. In practical applications a boundary layer 
is always present near rhe wails of the injector. Ar hypersonic flight velocity, 

the static temperature in the boundary layer is higher than free stream, 

, u^r,uar• f-han free stream. When the two 
especially if the wall temperatures is higher than 

boundary layers from the *iel side and air side mix, they react very rapidly 

because of the local high temperature of the mixture in this region. Then 

, a initiated can continue. As a consequence, in practical 

combustion, once initiated, ^ , 

. t 1. 
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applications the possibility of bavins reaction depends .one on the value of 
the s ta gnat ion t^perature of the air and fuel and on the vail teopetature, 
than on the static temperature of the two streams. 



12 - 


IV 


FUEL INJECTOR DESIGNS FOR P»ArTTrAL APPLICATIONS 


A ftp. view of T n iectors Tested 

Kost Of the experimental investigations on supersonic combustion Refs. 10 to 1 
have been Carrie, out using coaxial free Jets because they lend themselves 
easily to analytical description and are easy to perform. Unfortunately 
this configuration cannot be used in practical scramjet engines. A sundry of 
the injection conditions used in coaxial mixing and combustion of hydrogen in 
the above references is presented in Table 1, The geometric configuration of 
the fuel injectors tested is also depicted in the table. Other experiments 
U„ ducted mixing and combustion with simple coaxial configurations have been, 
conducted. However, these are not reviewed here as the combustor wall has 
significant influence on the mixing and combustion process. Therefore, these 
data are not pertinent to fuel injector designs but more relevant to 
design. Moreover, many more experiments with mixing oniy of various gases in. 

different environment have been performed to determine the mixing laws. These 

j , prp as t Ley are too numerous. However, pertinent 
experiments are not reviewed here as they are 

results are cited here when necessary. 

Host of the experimental investigations have bean conducted with either 

subsonic or nearly sonic velocities. At sonic conditions, the product 
IS a maximum for a given jet stagnation condition. Some simple typical two- 
dimensional tangential midstream fuel injectors without afterbody are shown in 
ng 1. These depict various external and Internal geometries The 

external geometry can range from a simple wedge <A)to a wedge-slab (B.C.D) to 
, wedge-slab-boat- tail (E)combination. If the external flow is supersonic, it 
is evident that for the same Injection flow conditions, the last configuration 
(E) presents the greatest blockage and drag. Also, the traliing Up shoe* wouid 
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be strongest for this configuration. Furhtermore the external stream static 
conditions would be reduced to conditions less conducive to auto ignition. 

Since both a static pressure and temperature drop is experienced by the ex- 
pension of the external flow around the boatail of the fuel injector, 
possibility of flow separation is greatest in this case. Ihe rotational ex- 
ternal flow produced by the curvature of the trailing shock would induce a 
strong streacjwise pressure gradient on the jet stream which are not conducive 
to efficient combustion. The propensity of the production of these effects 
decreases drastically on going from configuration E to B,C,D to A. An ogiial 
type fuel injector would produce similar effects as configuration E, while » 

cusped injector would be like configuration A. 

The internal geometry depends on the injection speed as to whether it 

subsonic, sonic, or supersonic. The three injection modes are depicted in 
configuration D.B.C respectively. For the supersonic mode, the nozzle shape 

oay be contoured or conical (wedge like). In the wedge-like configuration, 

. • • „ mono not onlv by a diffusional velocity 

the fuel is transported into the mixing zone not only y 

nt of the iet velocity proportional to u sin 6, where 
but also by a v-component of the jet veioci y v j 

4 is the nozzle wedge angle. Unfortunately, compression waves generated at 
the mixing and combustion zone (plume) negate this effect. These considera- 
tions show there Is no "control" on the combustion beyond the region of in- 
fluence of the initial data line with these simple types of fuel Injectors, 

That is, everything Is defined by the Initial conditions and the line of 

l 

symmetry. j 

The fuel injector shown in Fig. 2 overcomes this shortcoming. As shown in 

Fig. 2 this type of fuel injector has a central body whose geometry can play a 

significant role on the combustion process a, will be evident below. Although 
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rhan that without the central body due to the induced present 

- - — - — - — r rrrrrri:. 

the combustion process than the combustor wa s as _ 

~ — . — — — r; ■ 

A three-dimensional fuel inlector design was used in Ref. 

, w. „ Several of these injectors were mounted on the 
jector is shown in Fig. 3a. axisym metrlc 

. o c iniector consists or an j 

combustor walls. As shown in Fig. 3* thi 

, , tru , n,e injection speed could be subsonic or 
injector mounted on a swept-strut. Th J 

sonic with this injector. The injected mass flow could be increase on 

increasing the fuel injection pressure resulting in underhanded jet con i • 

The effects of the interaction of the strut wahe on the jet are not - 

this type of injector. The interaction of the strut shoch pattern with^th 

boundary layer on the various surfaces which can lead to inlet unstart 

formation of corners lead to complex local three-dimensional flow patterns with 

. and reflecting shocks. This coupled with the nee 
multiple interacting and reflecting 

, then o (100) makes them unattractive for use in a practi - 
a great number of then ~ u 

, b the fuel may be distributed more uniformly than some other 
cscramiet even though the fuel may 

. heme and the combustor length shortened significant y, 

type of fuel injection scheme, and 

, , pl in iectors vs the number of two-dimensional 

The number of axisymmetric fuel injectors 

fuel injectors required to achieve complete mixing of hydrogen and air 

combustor of specified length, shown as a function of the combustor eng 

, in Fie 4 for reference, inis 

n c i q is shown here in tig* ^ 

height ratio in Fig. 9 of Ref. 18, is sn 

figure shows char for sborr combustors H/b ~ 0 (3 or 3) approximately 10 two- 
dimensional Biel injectors are reared while 100 axlsy-aetric injectors wou 
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u/f no') only a few injectors either 

be needed . While for long combustors H/t. ~ ' 0) 

axisynmetric or two-dimensional would ne needed, 

in Ref. 19 (Fig. 3b) . -ept two-dime, .siona! midstream strut Vit • 

Je ction holes normal to the flow was used. Ibis injection scheme avoids 

* the shortcomings of norr.1 inaction described by Ferri <M*. «• 

flow separation produced by the normal injection is not as ^tensive 

The inviscid shoch patterns, however, stiU cist. Also a oahe and traili 
shoch is formed by the stmt if no inaction is used in this region, in Ref 
2 „, the jet is assumed to have en initial swirl in order to enhance the g. 

u is found that the rmxi^ tangential (swirl) velocity decays slowly an 

r of the initial value of the swirl velocity, 
depends inversely as the square root of the 

The experimental data of Ref. 21 indicates mat swirl 

Whereas the results of both theory and experiment of Ref. 22 show that the 
introduction of swiri into an open jet diffusion flame leads to a faster ecay 

o£ the veiocity, and to an increase of flame width and mass entrant in 

flam- The induction period (ignition 
downstream direction than non swirling flam-. 

a significantly with increasing amounts of swirl. e 
delay) is shortened significantly wi 

, „ M au i r 1 lead to a shortening of the 
reduction of the velocity gradients due to swirl lead 

potential 

B Wall Injectors. 

.•Conservative" scramjet combustor designers of two-dimensional and ax - . 

symmetric engines (Ref, 3-23) have used wall Injectlcn In the form of normal 
injection through orifices or wall slors just downstream of Che inlet throe 
Since in a rwo-dimensional or axl-sy^etric engine the throat height Is sma 
and therefore the fuel need not penetr.te too far into the stream. The con- 
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sequences of the normal injection scheme on the combustion are discussed in 
hef. 1 . the wall slot injection scheme is analogous to the midstream injector 
with afterbody except for the presence of a thicker boundary layer on the 
•splitter plate which can reduce the ignition delay length (Ref. ]_ ). 

Some mixing experiments of hydrogen injected from a wall slot into a 

supersonic stream are presented in Refs. 26 to 30 . A sharp drop in hydrogen mass 

traction at the wall is reported in Reference 30, at the end of the potential 

core region. The edge of mixing grows approximately linearly downstream of the 

initial region and its growth rate and decay rates of species mass fraction, and 

velocity maxima increase with, decreasing mass flux ratio o li /a u . The data is 

j j , '~e e 

not sufficient to determine the laws although the species profiles are similar 
downstream of the initial region. 

C. Some Exotic Types of Fuel Injectors 

Experimental data shows that the mixing from axisymmetric injectors is 
more rapid than that produced by a two-dimensional injector as the wetted area 
of fuel exposed to the air flow is greater in the former than the latter. 
Furthermore the wetted area growth is also larger; however, the number of 
axisymmetric fuel injectors required to pass a certain amount of mass flow is 
considerably larger than a two-dimensional injector. Also the fuel closer to 
the perimeter diffuses at a faster rate than that closer to the center. There- 
fore, it would appear that an intermediate shape which enhances the mixing and 
passes the same amount of fuel flow should exist. The injector cross-section 
normal to the fuel flow which gives the same maximum mixing rate to all fuel 
particles passing through the injector can be developed using three-dimensional 
mixing equations and variational calculus; Intuitively this injector cross 
section shape would be lobed somewhat similar to the cross-section of the red 


17 



blood cells as shown in Fig. 5. Downstream, the initial three-dimensional 
pattern would decay becoming axisymmetric as the lateral gradients diminish 
(Ref. 31). 

The initial external flow pattern > (shocks, expansions, slip- 

S' 

stream, etc.) produced by this type of fuel injector would be quite complex and 
the installation of this injector in a standard combustor would be problematical. 
However, the concept can be used in two-dimensional fuel injectors by "corrugat- 
ing" the cross-section at a radial support strut point for instance as shown in 
Fig. 5a. 

Additional exotic types of axisymmetric and planar swept fuel injectors are 
depicted in Figs. 5a through 5 . Their relative merits can be conjectured at 

this point as no theoretical or experimental means of evaluating the . 

D • Fuel Injector Design Criteria 

In view of the great number of possibilities of injecting the fuel, several 
engineering design and fluid dynamic criteria are enumerated here to assist in 
evaluating and designing a fuel injector. Some of these criteria are: 

1. Obtain short combustor lengths by using multiple mid- 
stream injectors. 

2. Obtain the required local pressure at the combustion 
region . 

3. Minimize under and over expansion losses over the 
range of combustor pressure. 

4. Operate over a range of flight Mach numbers and 
internal flow field conditions. . . 

i 

5. Enhance mixing and insure high combustion effi- 
ciency. 

6. Establish a diffusion flame very near to the 
injector lip. 
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7. Achieve a favorable fuel air distribution without 
shock losses or flow instability that' can cause inlet 
unstart in the outside flow. *' 

8. Establish ignition and stabilize the flames. 

rhese qualitative injector design criteria are supplemented below by auantita 
tivc fuel injector performance evaluation criteria. 
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V. HYDROGEN 


IGNITION SCHEMES AND IGNITION DELAY IN HIGH SPEED 
EXPERIMENTAL AND THEORETICAL CONS ’.[DERATIONS 


Ihc combustion properties (flame temperature, burning velocity, 
oistance, flammability limits, detonation' proper ties , spontaneous ig 
etc.) of hydrogen in air at low speed has been documented very well 
however, in high speed air flows the auto-ignition limits, flame ini 
and stabilization are not documented as well although a substantial 
theoretical and experimental data is presently available. 

fhe experimental evidence of hydrogen ignition in high speed ai 
presented in Refs. 33 to 41. The various methods used for igniting : 
in a high speed air flow even at low air temperature are: 

1. Preheating of the injected hydrogen to 1900°R (Ref. 33 ) 
estanlishes auto-ignition independent of air temperature. 

^ • Piloting -using hot combustion products to heat up the 
fuel and air as they mix (Ref. L 5 )_ 

3 . P la t inum acts as ca ta lys t in the induction period to 
form OH radicals. (Ref. 33) 

4. Oxygen injection - (Ref. 34) 


* Ultra violet irradiation has been used to sensitize the 
injected hydrogen and form OH radicals (Ref. 35) 

^ asGS anci thick splitter plates present stagnation 
t low regions with high stagnation temperature and long 
residence times (Ref. 36, 37) 

7 * S!l0ck induced ignition is obtained through the increased 
static temperature and pressure of the mixture and/or 
air streams (Ref. 38, .39) 

3. Unstream Injection - (Ref. 40)- 

^ ’ Resonance Ignitor - (Ref. 41) - resonance of a jet into a 
dead-end tube produces unsteady shock ’oscillations which 
lead to temperature rises we€l above the stagnation tem- 
perature of the jet. 


a - 

quenching 
nit ion, 
in Ref. 3 2 
tiation 
amount of 

r flows is 
hydrogen 
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*':ore recently Ferri has suggested that the injection of small amounts of 
hydrogen into the boundary layer on the injector wall to act both as a coolant 
and to form OH radicals. In this case, the static temperature in the boundary 
layer is higher than that in the free stream and the residence time is in- 
creased by the low velocities in the boundary layer, and therefore are con- 
ducive to combustion initiation. Also the splitter plate can be made of 
platinum to further assist in the ignition. This last scheme has been adopted 
in the fuel injector design presented below. See a 1 so Ref. 11. 

The criteria for selecting a hydrogen ignition scheme are its reliability, 
efriciency and simplicity. The ignition delay time (induction period) for 
premixed hydrogen fuel and oxydizer (C^ or Air) using the various technique 
enumerated above has been well documented as a function of temperature, pressure, 
stoichiometric ratio, etc. Some of the correlations taken from various references 
are shown in Fig. 6. A comparison with other hydrocarbons is also shown. The 
influence of other factors such as those mentioned in the introduction however 
are not known as clearly. The induction period for jet initial temperature, 
much different from the air temperature, must be determined using the various 
mixing theories. 
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VI. DEVELOPMENT OF FUEL INJECTOR DESIGN 


A . Design Conditions < 

The present fuel injector design was developed for a scramjet operation at 
a free stream Mach number of 6.0. The Mach number after combustion is super- 
sonic at this condition. This condition simplifies the analysis of the com- 
bustion region. The nominal burner entrance conditions corresponding to a 

mach number of 6.0 and an altitude of 80 k ft P = 60 psf. were taken to 

00 

be as follows: 


Mach number (after fuel injector shock) =2.5 
Air static temperature = 1000° K 
Air static pressure = 1 atm 


u = 5137 ft/sec 

T Q = 3036°R 
°e 

P =20 a tm 


These conditions assume that the pressure, recovery of the inlet (stagnation 
pressure) is 0.434. Therefore the static pressure rise is 40. 

The fuel injector design developed here is for use in a three-dimensional 
integrated fixed geometry scramjet engine. This is the high speed 6.0 M <; 10 
propulsion system of a large vehicle with take-off weight on the order of one 
million pounds. As a consequence the frontal area of the air induction system 
of the scramjet engine is approximately 1200 ft 2 and its length is 200 ft. The 
captured streamtube is compressed to a swept annular gap, at the throat of the 
inlet, approximately 2 ft high on a central body of ~ 30 ft average radius. A 
more detailed description of the inlet design is given in Ref. 42. 

To maintain the combustor length reasonably short relative to the inlet 
size, multiple midstream fuel injectors are required. Assuming the fuel is 
injected at the local burner entrance pressure, the ratio of fuel injector 
area to burner entrance area is given by (mass flow requirements) 
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n A. 


A. 


0 . 11 0 


M, 


T /T 
o o . 
b J 


M. 


(2 + ( - 1> V ?) j (,2 + ( - 1) y ,2 ) 


where n is the number of fuel injectrrs while subsript j denotes jet condi- 
tions and subscript b denotes burner entrance conditions. Subscript o denotes 

stagnation conditions and 0 is the stoichiometric fuel air ratio. 

Therefore to maintain the number of injectors at a minimum, it would be 

advantageous to have high jet Mach number M and low jet stagnation temperatures, 

V' and low air stream Mach number and stagnation temperatures. The air stream 


J 

and fuel injection conditions stated above were selected by a compromise of 
these ideas, a cycle analysis, and ignition condition requirements. 

i’he fuel injector slot height (two-dimensional) was taken as 0.45 inches 
as this would require n = 6 injectors for the above condition. These conditions 
were selected as a good compromise of several different requirements. The fuel 
injection conditions were taken as follows: 


Mach number 2.0 

Static temperature - 440°K 

Static pressure = 1 atm 


Velocity ~ 9870 ft/sec 
Stagnation Temperature ^ 1500°R 
Stagnation pressure ~ 8 atm 


B . Justification of Initial Conditions Selected 

Since the ignition delay length, flame length, etc. are strongly affected by 
uhe fuel injection conditions, an initial investigation was undertaken to de- 
termine the dependence of these on the hydrogen injection conditions and air 
external conditions. Several calculations were made using the parabolic mixing 
program (Refs. 43 and 44 ) . 

In these calculations, the Lewis number was assumed equal to unity and the 
pressure field was assumed uniform throughout. The eddy viscosity was assumed 


< 
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up to 


- 2 

to be initially given by ^ = 0.5x10 p | Up - U J + l.Oxlo " 4 

when U£= .99 U followed by a model suggested in Ref . 8 : a = K r, | n u 
J c • t \ 1 o 

where is the height to where p u = k (q^ + o Q U Q ). and K= 0.045. 

If the presence of the boundary layer is neglected, then the flow initially 
has a step profile; however, this simplification gives an incorrect representa- 
tion of the actual phenomenon. Using step profiles, the hydrogen stagnation 
temperature was varied to determine the ignition delay length. The results 
shown in Fig. 7 demonstrate that a significant (~ 0(1 ft)) ignition delay 
exists in spite of the high stagnation temperature of the hydrogen. This is 
due to the fact that the mixing cools the flow before ignition takes place. 

The actual situation is different when the presence of the boundary layer is 
considered. The boundary layer produced by the splitter plate was introduced 
in the analysis. The boundary layer reduces the mixture speed and increases 
the mixture static temperature in the initial region it the temperature of 
the wall is sufficiently high. In the calculations a 1/7 th power law velocity 
profile was assumed on the air side, and the temperature profile was assumed 
given by a Crocco integral relation. The splitter plate temperature was assumed 
equal to the hydrogen stagnation temperature. A heat transfer analysis shows 
this to be nearly the case due to the very high thermal conductivity of the 
hydrogen. Similar conditions were assumed for the hydrogen boundary layer. 

The temperature profile exhibited a maximum greater than the freestream static 
temperature. The boundary layer on the hydrogen side was assumed thin due to 
the short hydrogen nozzle length. These assumed initial profiles are shown in 
Fig. 8 . The analysis showed that the boundary later acts as a pilot and 
decreases the ignition delay length to 0,43 ft., the bulge in the temperature 
profile and the velocity defect decreased very rapidly in the initial region. 
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In order to acellerate ignition and further decrease the ignition delay 
length, some hydrogen was injected into the boundary layer on the splitter date 
sufficiently far upstream (approximately ~ .5 ft) in order to produce a slight 
temperature rise in the boundary layer (T = 1400°K) and increase locally the 

v 

radicals 0, H, OH, concentrations. This change reduced the ignition delay to 
approximately 0.194 ft. Actually the splitter plate finishes with finite thick- 
ness that produces a wake. This effect was introduced artificially in the 
analysis by introducing in the velocity profile a small region where the velocity 
xS e 4 ua l to 100 ft/sec. This resulted in an ignition delay length of 0.0055 ft. 

Similar results have been obtained by introducing small amounts of hydrogen 
on the leading edge and along the splitter plate surface at very low velocity 
for cooling purposes. The scheme is shown in Fig. 22 . The flow field, edge 
Oi. mixing and flame, obtained with this final configuration of initial conditions 


are shown in Fig. 9 . The flame length is observed to be approximately 10 ft. 

long. This gives a combustor with a height to length ratio of 5. The flow profiles 

are shown in Fig. .10 for the various axial stations while the centerline velocity 

cecay and temperature rise and hydrogen concentration and Mach number are shown 

in tig. 11. The centerline hydrogen mass fraction, the parameter (u -u )/(u.-u ), 

Cf e j e 

tne mixing width b, the entrainment tjty and turbulent viscosity approached a 
power lav; benavior, i.e., ^ x ) n <L . Flew similarity was observed for (u-u ) / (u -u ) 

hT v o ti ' 


1 


e <J_ 


as a function of > where il; is the stream function at the edge of mixing. The 

similar profile is shown in Fig. 12. The temperature profiles are similar downstream 
of where the flame reaches the axis. Lean combustion occ rs in the region 5.<x.-'9. ft 
This is evident by the increase in the oxygen mass fraction inside the flame. For x<.f 
ft., the small amount of 0 2 inside the flame present in the initial profile is consume 

I 

If the expression for the eddy viscosity is changed, the above results can 
bo reinterpreted by a suitable shift in the axial location according to x 1 where 


X 1 = J .u(x)/ u '(x) dx. Hi is is only possible in view of the assumptions of two- 
dimcnsionality, constant pressure, and Lewis and Prandtl numbers of unity. 

These simplified analyses have shown the importance of including the initial 
boundary layer to determine ignition delay in actual flow conditions. On this 
basis the following configuration has been designed. 

C. Fuel Injector I-Jall Shape Design 

Compression waves are generated by the mixing and combustion process of 
hydrogen in a supersonic air stream (Ref. 4). The strength (A P/P ) of the 

CO 

pressure waves depends on the rapidity of the combustion process which in turn 

depends mainly on the hydrogen and/or air static temperature and mixing rate. 

To assess the strength of these waves and their effect on the combustion process, 

a "viscous" characteristic program (Ref. 45) was used to calculate the flow field. 

The initial flow profiles at the exit of the injector were taken to be the same 

as those used in the parabolic mixing program. However, the centerline of the 

mixing calculation was replaced by a solid wall whose shape was altered to 

produce various pressure distributions on the flame. 

At first the wall was assumed straight. The pressure distribution shown 

in Fig. 13 , shows a pressure rise along the wall of approximately 407, while at 

the center of the flame, defined as the region where (T = T ). the initial 

max * 

pressure rise is approximately half or 24%. This shows that pressure waves of 
strength Ap/p *= .24 propagate both in the air stream and jet stream away from 

the mixing and combustion zone which initiates near the splitter plate. The 

‘ • i 

waves which propagate into the jet stream are reflected at the wall and tend to 
form shocks at some distance from the plate. In addition, the waves on passing 
through the mixing and combustion zone, are of sufficient strength to generate 
subsonic flow locally in the region of the velocity defect produced by the 
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splitter plate. 

In order to avoid region having too low velocity, and at the same time 
eliminate formation of shocks in the outside flow the pressure waves must be 
cancelled. Therefore, a wall geometry has been developed from the parabolic mixing 
program by shifting the centerline in such a way as to produce no deflection in 
the streamlines in the external air stream that approaches the flame. This 
wall injector shape is shown in Fig. 14 .- The pressure distribution along the 
wall and the flame are shown in Fig. 1 5 f or this configuration. Again, with this 
configuration a pressure peak is evident at the flame. However, the waves are 
partly cancelled at the wall producing a smaller pressure rise there and on 
passing through the combustion zone a secondary pressure peak is found. Further 
downstream a pressure decay is experienced both at the flame and at the wall as 
the heat released is not sufficient to overcome the expansion waves that emanate 
from the wall. 

The combustion efficiency is impaired if the pressure is allowed to decrease. 
In addition the temperature also varies in a like manner degrading the combustion 
process. Therefore, an injector wall geometry which maintains the pressure 
essentially constant in the region of heat release (i.e. flame) was developed by 
a step by step numerical calculation. 

First, to decrease the strength of the initial waves produced by the com- 
bustion, expansion waves were introduced 'in the initial profile. The expansion 
waves start on the lower wall of the fuel injector inside of the jet nozzle, 
at a point sufficiently far upstream of the lip of the splitter plate so as to 
affect the initial region of the combustion (see Fig. 16), A 4° expansion was 
too strong as it caused a pressure peak followed by a pressure decay at the 
flame front. A 2° expansion decreased the initial pressure rise at the flame to 
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approximately 10/. and was implied as satisfactory. Subsequently downstream the 
combustion process sustained this selected pressure level, the waves generated 
by the flame were cancelled at the wall by turning it 4.8°. This required the 
pressure generated by the flame tends to decrease, therefore it is required that 
the necessary turning be of the order of 1.8°. Further downstream however, the 
wall generates compressions to sustain the pressure at the flame. The wall then 
remains straight with an inclination of -3°. The resulting wall geometry and 
pressure distributions are shown in Figs. 16 and 17 respectively. In this 
analysis, the flow upstream of the injector is assumed uniform. However in a 
practical case waves are present in the flow. Some flow profiles with this 
injector are shown in Figs. 18a through 18i , 

The initial profiles were taken two splitter plate thicknesses downstream of 
the injection station to have a completely supersonic profile. The subsonic region 
due to the wake of the splitter plate was neglected . The static pressure and tempe- 
rature drop due to the 2° expansion are represented in the figure 18a along with the 
boundary layer on the external surface. The flow direction is also shown. The 
temperature maximum is greater when the lateral pressure gradients are considered. 

This is due to the induced pressure due to the combustion. In the initial region 
(x .2 ft.) the static pressure profiles show a pressure pelse moving away from the 
flame. While the lateral extent of the influence of the pressure waves due to combu- 
stion is greater than that due to mixing and combustion. 

The injector wall geometry must be shaped to account for interactions with waves 
from the main stream flow and/or combustor wall. The analysis could have included 
initial nonuniformities or even discontinuities in both the jet and external streams 
since the computer program is equipped to do so. However the nature of the non-unifor 
mities were not known at this point and hence were not considered. 
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VIII. FUET, INJECTORS IU1RFORHAXCE DESIGN EVALUATION 


A measure of the efficiency of the combustion can be obtained by evaluating 
the amount of unburned pure hydrogen at any station downstream of where the 
flame reaches the centerline. Unity less the ratio of the mass of unburned 
hydrogen to the injected hydrogen flow rate times a ratio which measures the 
amount of heat released in the stream to the theoretical maximum heat release, 
can be taken as the combustion efficiency. This ratio is proportional to the 
ratio of l^O mass flow rate at end of combustion to the maximum H^O flow rate 
possible with the injected hydrogen flow rate. A third ratio would be necessary 
to measure if the heat released is used in forming radicals or in increasing the 
thermal energy of the stream. This last is proportional to 1.0 minus the total 
mass fraction of all radicals present. Therefore, the combustion efficiency 
may be expressed as 



The species profiles for complete combustion (100% efficiency) are shown 
in Fig. -19 for comparison. In the ideal case (100% efficiency) the fuel and 
oxidizer reach the flame in stoichiometric proportion. Therefore no fuel is 
on the outside of the flame while no oxidizer is present on the inside of the 
flame. In the real case, however, oxidizer which had diffused into the fuel 
un reacted in the initial region when the flame burned less is dissipated down- 
stream. While the fuel which is not burned at the flame simply diffuses and 
is lost. The maximum mass fraction of combustion products are reduced by 
inefficient combustion. 
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The Luc 1 injector drag is evaluated from a pressure and momentum integral 
su a control surface surrounding the fuel injector. Drag or thrust of a standard 
and a plug injector with and without fuel injection respectively are evaluated 
as follows. .. ■ / 


The fuel injector drag of a standard tanjential fuel injector (Fig. 1) is due 

to its forebody and its base, i. e. 

D/A. = (p -p 1 ) -(p -p' ) + c A /A. 

j w oo base oo t w j 

Where A^is the jet area (the splitter plate thickness is neglected) and A is 

the wetted surface of the fuel injector. An average pressure is used in the above 

formula although these can be replaced by pressure integrals. The prime denotes 

free stream conditions just upstream of the fuel injector tip. 

Depending on the monentum of the jet, the drag can become thrust. In this 

case the fuel injector axial force is 

F /A. =(p - p 1 ) - . P. M 2 - (p - p' ) + C A /A. 
ax j w oo J J J 'j oo f w J 

In which the second term is due to the momentum of the jet. 

The drag of a plug type fuel injector (Fig. 2) is 

D/A = (p - p' ) - (p. - p' )Aj/A - (p -p' )(1-A./A C ) +Cc. A /A c 

f r w oo base r o 0 J f - plug oo j f £ w f 

liner e A^ is the frontal area of the injector and the third term represents the 

pressure force acting on the plug. With injection the axial force is 


-F /A = (p - p' ) - .P.M. A. /A - (p.-p 1 )A./A - (p -p ' )(1-A./A ) +c JV /A. 

ax f vr w c co' j j j J f j oo j f plug oo' j f t w f 


With typical supersonic injection conditions, the thrust produced by the jet 
is several times larger than the forebody drag. This gain is lost if normal in- 
jection is used. The estimated drag and thrust of the present fuel injector design 
is presented is presented in section X. 

Other performance parameters ( such as mixing rate, combustion and induction 
length, etc. ) are readily obtained from the flow field analysis. 


30 



IX. FUEL INJECTOR COOLING SCHEMES 


Due to the inlet diffusion the fuel injector is exposed to a more harsh 
environment than the aircraft's surfaces as the pressure and temperature are 
much higher at the combustor entrance than in the free stream. The fuel in- 
jector must retain its structural integrity at high temperatures and under 
strong aerodynamic pressure loads and intensive heating and cooling rates 
(thermal fatigue). High temperature and/or refractory materials (Moivbderum, etc.) 
may be used in certain regions of the fuel injector and cooling techniques in 
other regions. Further heating is received by the radiation from the combustion 
zone . 

The three types of injector cooling schemes are shown in Fig. 20 takan 
rrom Ref. ^-8 . The transpiration cooling scheme with hydrogen appears to be 
the best for maintaining the injector wall temperature below 2000°R. Whereas 
film cooling is least effective. A leading edge cooling scheme was suggested in 
Ref. 46 by Ferri. This cooling scheme consists of an upstream slot injection as 
shown in Fig. 21. 

Tne walls of the injector can be thermally protected by a film cooling 

technique by using cold hydrogen. The cooling length is determined from the 

correlation given by Zakkay in Ref. 47 (H, injection, T /T = .6 M = 1 0 

a wo * i * ’ 

e J 

M = 6.0, u./u = 1.5) 
e j e 


‘'cooling 

S 



where )„ = and S is the slot height and ? t is the cooling length. If 

we select >h= 1.0 and T q = 530°R, then a cooling length of 364 slot heights is 
obtained. Or to cool a 1 ft long surface a slot height of .033 inches would be 



needed . This implies a coolant hydrogen flow rate to injected hydrogen flow 
rate ratio of approximately 77,. To supplement the experimental data of Zakkay 
on cooling which was taken at M = 6.0, a calculation was made using a para- 
bolic mixing analysis to simulate a wall slot of cold H injected tangentially 
into a Mach 2.5 stream and 1000°K static temperature (T 3100°R) . The 
coefficient of viscosity was assumed to be K = 0.02 and the viscosity law was 
taken to be that of the potential core model as the actual physical configura- 
tion would be a series of smaller slots iocatea sequentially at the end of each 
of the potential cores. The boundary layer was not considered in this analy- 
sis. The air was assumed vitiated in the calculation and the slot height .01ft 
was assumed. This coolant hydrogen mass flow rate corresponds to 20/- of the 
injected hydrogen flow rate. The results of this calculation are shown in 
Fig. 23. 

A lean burning flame appears at about Q.5'(50 slot heights) from the slot. 
However, in spite of the flame the centerline (or wall temperature) reaches a 
value of lOOOTiat about 1 ft (100 slot heights) from the injection point, A 
very slow speed hydrogen jet ( u j= 10 ft/sec) was also investigated. The center- 
line temperature reached 1000°K in .23 ft in this case. The reason being that 
the coolant mass flow in this case is 0.1% of the injected mass flow. Therefore 
if the same mass flow as in the first case were to be injected, the surface would 
reach 1000°R after 41 ft by using a very low speed jet. Alternatively if 10 
coolant slots are used with very low injection speed, the coolant mass flow 
would be about 17. of the injected hydrogen and the wall temperature would be 
kept much below 1000°K. Unfortunately in this case the total injection slot is 1.2". 
To overcome this, the coolant flow should be passed through 10 quasi -tangential 
slots (about 1 inch apart) of .1 inches high as shown in Fig. 22 . The base 
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flow like region typical of low speed slot injection and ensuing expansion and sho 

4 ! 

system is avoided and an effective cooling system is obtained, 
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X. RESULTS AND CONCLUSIONS 


tf 

An experimental and theoretical review of most geometrical and fluid-dynamic 
factors which influence the supersonic combustion of hydrogen has shown a 
qualitative and quantitative dependence of supersonic combustion parameters 
(ignition delay, mixing rate, center line decay, Jet spreading, etc.) on these 
factors. Although both experiment and theory are wanting an indication of the 
choice of fuel injector condition and injector geometric parameters more con- 
ducive to an efficient diffusion controlled combustion flame is afforded to the 
fuel injector designer. The philiosophy adopted in the present design is to 
control, through the selection of the parameters, what takes place naturally 
in order to obtain what is desired to occdrr. 

The fuel injector design shown in Fig. 2 2 incorporates most of the essential 
qualities of an efficient fuel injector developed in this report. The concept 
is not restricted co a symmetrical configuration. Symmetry is used here for 
convenience. This fuel injector uses a central body to increase the low mixing 
rate normally experienced by a two-dimensional mid-stream injector relative to 
the higher mixing rate of an axisyrametric injector, to that typical of a wall 
slot. Secondly, the central body geometry (Fig. 16) was designed so as to 
maintain relatively constant pressure at the flame so as to improve the com- 
bustion efficiency and to prevent diffusive separation due to lateral thermal 
and pressure gradients. The initial wedge, angle of 5° was selected somewhat 
arbitrarily. The hydrogen injection conditions (stagnation temperature, Mach 
number, etc.) are selected following a theoretical evaluation of several initial 
conditions on the ignition delay length. The tip cooling scheme is as shown in 
Fig. 21 while porous cooling is used on the faces and central body surfaces 
of the injector'. The ignition scheme utilizes normal injection of hot hydrogen 
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at a point just downstream of an expansion fan to insure high penetration into 
the aii stream and the formation of OH radicals prior to the main injection 
station. The injection Mach number is selected so as to retain a supersonic 
flow at the flame. The splitter plate thickness and boundary layer growth on 
the injector splitter plate provides a velocity defect and temperature excess 
to ensure the flame is stabilized. 


Some of the flow field characteristics of this injector are shown in the 
upper half of Fig. 22. These were determined from the patching of various 
analyses presented in the text of this report. Some flow profiles have 
been presented in the main text of this report (Figs. 18atol8>). 

xhe injector drag determined by a pressure integral and momentum integral 
plus an estimate of the skin friction drag show, a net thrust coefficient C' =0. 447 

based on the fuel injector frontak area and the free stream conditions upstream of 
the fuel injector tip. Without' fuel injection, the drag coefficient of the present 
fuel injector is 0.15.. This can be minimized by injecting a coolant fluid when the 
scramjet is not functioning. The injector net thrust coefficient, in terms of free 
stream tlight conditions and engine frontal area (A =1200 ft ), is C =0.003. 
Therefore for stoichiometric fuel flow, a tangential injector increases the engine 
thrust (C^-0. 45 at M oq = 6. ) by approximately 1%. The losses with normal injection 
are considerably more than this (for the same type of engine etc.) as the normal 
shock losses due to normal injection are not included in the above figure. 

The combustion efficiency of the present fuel injector design, as evaluated 
from the various integrals desgribed in the main text, was approximately 0. 947,, 
for the initial region up to x=0. 43 ft. No discernable difference was noted in 
L,1 ° rUei injector desribed in fig, 14 due to the numerical! accuracy of the results 
and the numerical integration. 
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An experimental investigation ot the present furl injectoe design and compari- 
son with a standard fuel injector design is recommended with a slightly reduced scale 
version of the design shown on fig. 22 to compliment and verify the present analysis. 
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APPENDIX I . 


INFLUENCE OF VARIOUS INITIAL AND BOUNDARY CONDITIONS ON SUPERSONIC COMBUSTION 


As stated in the introduction, the mixing and combustion phenomenon is 
affected by many flow and geometric parameters. A qualitative influence of 
these parameters on the mixing, i.e. jet spreading, potential core lengths, 
centerline decay, etc. is made here for hydrogen combustion with tangential 
injection only. 

A . External Stream and Jet Conditions 

When the jet is fully expanded, i.e. matched pressures (p.= p ), the 

j e 

stream and jet parameters that influence the mixing are the ratio of jet to 

stream velocity, u . /u .static temperature T./T , individual Mach numbers 

j e j e 

2 2 

M., M , mass flux ratio X = C- u -/c u , momentum flux o - u • /a u , molecular 
j e y j j ■ e e’ J • e e 

weights ratio W./W , and specific heat ratios v.,y . Depending cn the values of 
j e . 1 j e 

each of these parameters the mixing zone may either enlarge or neck down as 
in a wake. The effects of these parameters on the mixing is discussed in 
various references (Refs. 8, 12, 18, 48, 49)-. The basic conclusions of the 
mixing analyses and experiments are that the centerline properties (species, 
velocity, and temperature defect) decays ^inversely with the square root of 
distance along the axis of the jet for a two-dimensional injector and in- 
versely with the distance for axi-symmetr ic jets (except for the investiga- 
tions by Ferri and his co-workers who found that for the mixing rate in 
the near field x/r^ £ 10 is much faster and produces a decay rate inversely 
with the square of the distance.) While for a wall slot the power is 0.8. 
Furthermore the power is independent of the slot design, the environment 
(injection and stream conditions) or molecular weight. Whereas che potential 
core length and factors of proportionality do vary with these and other 
parameters. Their dependence is not known very well. These studies imply 
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chat the use of gaseous fuel of low molecular weight and high velocity relative 
to the local air stream is conducive to high mixing rates. Also it is important 
to expand the fuel to a pressure close to or below the local combustion chamber 
pressure. 

The cases of equal velocity, temperature and/or mass flux are discussed 
further in Ref. 2 7 as the mixing laws which depend on differences of these 
parameters are not suited to these cases. The potential core length for the 
hydrogen concentration is correlated by Zakkay in Ref. 50 who gives the 
following formula to evaluate the species potential core length, x q , in terms 
of the jet and stream conditions 


r’*- + 6 -° M / 1 1 + h 2 exp {-(5T - O' hr "1 


The velocity and temperature potential core lengths are not correlated as well 
as they are assumed to be of the same order as the species potential core length 
when the Lewis and Prandtl number are unity. 

Additional influences of initial jet" and free stream conditions on mixing 
and combustion can be determined from the., theory of Libby Ref. 51. For example, 
the centerline velocity decay can be shown to be inversely proportional to the 
square of the distance x. 


u -u . 
i.e, e i 


_ i _ ‘ 36.4 (9 \ 1 1 

eXP L (x/a) 2 \~) (1-u /u )J 


while the potential core length is given by 

X / P. u . /u 1 

= 3.5 ,M -U-f 

Similar results are inferred for the stagnation enthalpy and species as the 
governing equations are identical in form, under the assumption of the theory 
(i.e. Le = Pr = 1, -^ = 0). 
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B. 


Influence of Tin purl Lies on Combustion 


The influence of stream impurities such as HO vapor and small amounts of 
C0 0 have been studies theoretically in Refs. 52, 53, and 54. These studies 
have shown that the induction time is increased by approximately 16%. The 
reaction time is also increased due to the diluting effects which reduces the 
mean reaction temperature. The effect of initial free radicals (y ~ 10 3 and 0) 
is to reduce the induction periods. The inclusion of bimolecular or shuffle 
reactions (Ref. 55 ) show that the ignition delay time is prolonged at high 
temperatures and shortened at low temperatures. While the presence of hyaro- 
peroxyl H0 ? radical lengthens both ignition and reaction times. 

G. Influence of Streamwise Pressure Gradients on Mixing and Combustion 

Some effects of streamwise pressure gradients on mixing and combustion 
are discussed by Ferri (Ref. 10) in regard to the possible flow reversal. 

Schetz (Ref. 5) has suggested the study of the effect of strong pressure 
gradient on mixing rates. Since the pressure field in a scramjets combustor 
is most likely to be nonuniform, the influence of streamwise pressure gradients 
was assessed here theoretically using a parabolic mixing program (Ref. 43) and 
the jet initial conditions given in Section VI of the main text. 

A constant favorable and adverse pressure gradient equal to 1/4 of an 
atmosphere per foot (for the initial region only, i.e. x < 1 ft) was used in 
this analysis. That is, the pressure variation was assumed equal to 

P = P (.1 + 0.25 x/L) for x 1 ft and p =2116.9 
00 00 

The adverse pressure gradient was found to increase the viscosity (Fig.^4) 
and therefore to enhance the mixing. The potential core length decreased for 
an adverse pressure gradient and increased for a favorable pressure gradient 
(Fig. 24). This is due to a faster decay of the velocity on the centerline to 


39 



a value of .99 of the initial jet velocity in the case of adverse pressure 
gradient than in the case of favorable pressure gradient. The edge of nix- 
ing and flame shape (Fig. 24) are relatively unchanged by the pressure gradients. 
For stronger gradients than the one assumed above the effects on the edge of 
mixing and flame shape are expected to bo similar to those produced on the 
potential core. 

The effect of injector wall (i.e, centerline) conditions such as tempera- 
ture, hydrogen concentration (as in a porous wall), boundary layer growth, and 
heat transfer rate, lateral pressure gradients, etc. could not be assessed with 
this computer program. However, the effects of adjacent injectors was assessed 
in a preliminary manner. Since the number of parameters (distance apart, 
downstream location, etc.) involved in this case is numerous, and the eddy 
viscosity law in the interaction region is unknown, an investigation of this 
effect is discussed in Ref. 4. An additional case is preoenced here to show 
the effects when the fuel injectors are too close. This configuration is 

shown in Fig.25« Since , the local flow is fuel rich, the flames merge into a 
single surface. 

D . Under and Over Expansion of the Jet 

Some effects of under expansion of a jet core are studies analytically 
in Ref. 56.. It is found that for an under expanded jet strong streamwise 
favorable pressure gradients are generated along the axis of the jet. The 
ignition is delayed due to a pressure and temperature drop in the mixing and 
combustion zone when the expansion fan originating at the lip of the injector 
reflects on the axis and passes through the combustion zone. These effects 
are not clearly shown by the example presented in the reference. Un- 
fortunately, the reduction in under expansion, i.e. strength of the expansion 
fan, could not be assessed. 
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ihc case of over expansion has not been presented 


there 


However , 


this is believed more beneficially to combustion than the under expansion case. 
In either case, the pressure field becomes uniform in a short distance 
~ 0 (10 to 20) jet diameter. 

E • Lateral Pressure and Thermal Gradient Effects 

In general the mixing process is controlled by gradients, in species, 
pressure and temperature normal to streamlines and by their cross -effects . 


inat is, the mass flux of a certain species is proportioned to 
5 1 °12 


5 1 V 1 = 


Pi I H- 1 _ p D W 1 T7 o 

„ Vi + ~ -J-L K c V T + ff- v^i-yp— ^ 


L l 


Where the first term is the flux due to species gradients, the second due to 
temperature and the third is due to pressure gradients. Usually the assump- 
tion is made that the diffusion due to species gradients dominates and the 
diffusion due to thermal and pressure gradients is neglected as the laws of 
turbulent diffusion are not known very well so that the equations are simplified. 
In the energy transport phenomena, besides neglecting heat transfer due to species 

i: 

ana pressure gradients, heat transfer by radiation is also neglected. 

In a supersonic combustion process these assumptions may not be valid in 
certain regions of the flame. For example, in the near field of the splitter 
plate, the species gradient may easily overshadow the thermal and pressure 
gradients in the absence of combustion. While the presence of shock waves 
and/or combustion induced waves can generate lateral pressure gradients which 
are comparable to species gradients. Further downstream where the flame is well 
developed, the thermal gradients may overshadow the species gradients while the 


" Thc Bouss inessq assumption for momentum transport has been extrapolated here 
for the cross -effects ana logous to laminar mixing. 
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lateral pressure gradients will have decayed substantially. An order or magni- 
tude analysis in these different regions follows with some qualitative implica- 
tion of these considerations. 

Analogous to laminar diffusion, the diffusion velocity may be expressed 
as in Ref. -57, for a mixture and using turbulent coefficients, as 


Cl v i = 


°1 °12 


2 2 
T.7 _ TJ 

a 2 i 

- ^Y x ) + 


Lb r 


W W 
12 


(1 - y 9 ) (fc, p) 
o r 


(W 1 V ) K . 

fV- 1 r feT)1 

” ]. 2 Y 1 o r 


J 


where 


P 1 Y 1 0 


= partial density of speciesll 


= Diffusion velocity 

D ^2 = Binary diffusion coefficient (turbulent) 
Yf = 0 / 0 = mass fraction of species 1 
= Molecular weight of species 1 
= Molecular weight of species 2 


p = Pressure 

T = Temperature 

K 


T 2 

= pDp ,/D^2 W ]_^2 n = ratio thermal to diffusion coefficients 


Simplifying for W 2 » = 28 • 9 for air, = 2.0 for hydrogen) 


W 


oi V l 


0 ° 12 


9 


(1-vp 


w 7 K. 


(Y n )„ + rr Y, ?*. : w ~r T rl 


l'r 


w x ‘1 P 


Nondimensionalizing so that all terms are of the order unity requires 
four separate length scales: (1) physical scale ~r^, (2) thermal scale pro- 


portional to the flame thickness, (3) a pressure scale proportional to com- 
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prcssion fan scale ^ x tan )j and (4) a diffusion scale ~ mixing zone. The shock 

wave thickness scale is much too small (on the order of a few mean free paths) 

at pressures encountered in the cornbus tor 'and is therefore disregarded as the 

length is not sufficient to cause diffusive separation even with moderately 
A D 

strong shocks ^ 10.). 

P 

CO 

The pressure and temperature are nondimensionalized w.r.t. the free stream 
pressure and temperature respectively. The' order of magnitude of the correspond- 
ing gradients are then 



T flame~ T i ^ 2 
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In Ref. 58, it is shown that even for infinite Damkohler Number (ratio of 
the characteristic relaxation time of the energy containing eddies to that of 
the molecular chemical reaction), the thickness of the flame zone is or the 


local scale of turbulence which, in a pure, shear -produced turbulence is or 
the order of the shear layer thickness. Furthermore the heat conduction takes 
place in the direction of increasing mean temperature in certain regions of 
the flame. Seemingly defying the 2nd law of thermodynamics. This last is 
not verified by "standard" theories which assume Le=l, Pr = 1, and neglect 


diffusion due to thermal and pressure gradients. 

An order of magnitude analysis of each of the three terms shows that in 
the far field of the flame the temperature gradients may induce a larger 
diffusion velocity than the species gradients while pressure gradients proeuce 
effects which are subordinate to both species and temperature gradients simply 


pressure effects travel along Mach waves which except at very high 


hypersonic speeds spread laterally faster than a mixing zone. 

Assuming the conditions are propitious to diffusion by all three mechanisms 
the consequences of the inclusions of these effects on the combustion can be 
qualitatively assessed from profiles generated in the absence of diffusion Dy 
pressure and thermal gradients. In Fig. 26, the flow field, and typical flow 
and concentration profiles are shown along with the directions of the lateral 
pressure and thermal gradients. The pressure gradients would tend to establish 
fluxes of lighter species in the same direction as the decreasing pressure as 
shown in Fig. 26a. The net effect of which would be that the flame initially 
would burn leaner than stoichiometric. Then as the pressure pulse moves away 


from the zone, the trend reverses and the flame burns fuel rich. The 


temperature gradients would also likewise establish fluxes of lighter elements 
away from high temperature regions and therefore would result in lean burning. 
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A fuel injector as shown in Fig. 2 can be designed to generate pressure 
waves to counter the effects produced by a natural induced lateral pressure 
gradient. Tire effects of thermal gradient are not as easily countered. 

p. Splitter Plate Temperature Effects 

The splitter plate temperature affects the growth of the boundary layer 
of the viscous flow on it. The boundary layer thickness is thicker at higher 
wall temperatures; therefore, it provides longer residence time which results 
in shorter ignition delay lengths. A trend in the ignition delay length 
dependence on the splitter plate temperature is shown in Fig. 27. This shows 
a considerable decrease in ignition delay at higher wall temperatures.. The 
effects of much higher wa ’■ temperatures (1500 T 4500 °R) are presented in 
Ref. 11 in Fig. 14 and are reproduced here in Fig. 27. 
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